For the spontaneous crystallization of highly soluble salts, a sufficiently high concentration of certain ionic species (complexes) or clusters has to be created in the solution, so that their grouping could yield a suitable crystal nucleus in a reasonably short time. The lowest critical supersaturation needed for nucleation and the highest rate of crystallization are displayed by those salts whose complexes in the solution have analogues in the crystal structure of the crystallizing salt, i.e., when the structure and the composition of the complexes enable their incorporation into the crystal lattice of the crystallizing salt with minimum changes. From this point of view a crystallochemical nucleation mechanism for explaining the Ostwald step rule is advanced. Concerning the rate of crystallization this concept was confirmed by studies on the system Na 2-associations and the rate of crystallization of the corresponding salts in these systems.
Introduction
The crystallization/solubility of ionic substances is determined by the energy balance of the bonding strengths between the respective ions, molecules and complexes in the crystal phase and in the saturated solution. From this point of view, the higher solubility in water may be related to a stronger interaction between the ions of the salt and the water molecules, i.e., to their higher hydration extent.
In our previous papers we have specified that the crystallization of highly soluble salts is related to the existence of specific ion species in the solution [1] [2] [3] [4] . The knowledge of the type and composition of these species is of crucial significance for the elucidation of the nucleation mechanism and the crystallization rate.
The present work aims at revealing the definitive role of the dominating ion associations in the solution on the structure, composition and kinetics of the crystallizing salts. To this purpose the metal-ligand interactions in the solutions are discussed using the Pearson's softness-hardness concept and the experimental proofs are based on parallel Raman spectroscopic studies on the solutions microstructure and the rate of crystallization of salts in stable and metastable systems.
Crystallization of ionic salts
The inorganic salts should be considered as ionic coordination compounds. In their crystal structures the metal ions are coordinated by anions or water molecules and in this way coordination polyhedra are formed which are linked together, with other ions or water molecules through ionic (electrostatic) or hydrogen bonds.
Various crystal chemistry and kinetic factors determine the crystallization process. It starts when some of the complexes existing in the solution possess sufficiently high activity to reach and surpass the solubility product of the crystallizing salt. These complexes or some of their directly derivable forms (e.g., obtained by condensation) together with other ions or molecules form the crystal structure. This means that important for the crystallization process is the activity of definite species in the solution (complexes, molecules or simple ions) that are able to be incorporated directly or with minor changes into the crystal structure. The knowledge of the type and composition of these species is of crucial significance for the elucidation of the nucleation mechanism and the crystallization rate.
The "hard and soft lewis acids and lewis bases" (HSAB) concept
A possibility for prognosing the most probable complexes which should dominate in a solution is given by Pearson's concept derived on the basis of his classification of hard and soft Lewis acids and Lewis bases (HSAB) [5, 6] . Depending on the stability of the complexes Pearson divides Lewis acids into two classes: hard acids -the acceptor atom is of small size and high positive charge, hence of low polarizability, and soft acids -the acceptor atom is of small or zero positive charge and/or large size, hence of high polarizability. Similarly he divides Lewis bases into two classes, depending on the characteristics of the donor atom: hard bases -the donor atom is of low polarizability and high electronegativity; and soft bases -the donor atom is of high polarizability and low electronegativity. Thus the Pearson's principle HSAB reads as follows: hard Lewis acids are more likely to react with hard Lewis bases (mainly through ionic bonds), while soft Lewis acids are more likely to react with soft Lewis basis (mainly through covalent bonds) [7] [8] [9] . Klopman [10] gave a quantitative expression to the terms softness and hardness through the extent of covalency by creating a theoretical scale of softness and hardness. Parr and Pearson [11] define absolute hardness (as derivative of chemical potential μ) as a property for neutral and charged species, atoms and molecules and use it as to proof the HSAB concept. They calculate the absolute hardness of different Lewis acids and Lewis bases by the use of experimental data for their ionization potential (I) and electron affinity (A). In the following, we are discussing the metal ion coordination from this point of view.
Crystallization kinetics of highly soluble salts A case study -crystallization in sea-type systems
We have chosen to discuss the crystallization kinetics of highly soluble magnesium salts in sea-type systems because of their big variety and the existence of stable and metastable equilibria in all of them. According to the HSAB concept, the hexa-aqua species of the magnesium ions [MgO 6 ) and choride species [1] . The extent of the ion hydration depends from the water activity in the solution. High water activity favours the ion hydration processes and, hence, the predomination of the [MgO 6(6H 2 O) ] 2+ species in the saturated solutions. The decrease in water activity stimulates the dehydration processes, e.g., the formation of more complex ion species [eq. (1) O, it is to be expected that these particular salts will display the lowest supersaturation needed for nucleation and the highest crystallization rate at standard temperature, because of the incorporation of practically unchanged hexa-aqua magnesium complexes from the solution into their crystal structures. It is well known, that on account of the embarrassed crystallization of bloedite (Na 2 SO 4 ·MgSO 4 ·4H 2 O) [1] in the crystallization field in which it is the stable phase (Fig. 3) , following the Oswald step rule [12] 
The system MgSO 4 -MgCl 2 -H 2 O
Our previous studies on the system MgSO 4 -MgCl 2 -H 2 O confirmed the different kinetics of crystallization for the magnesium salts crystallohydrates whose structures are built by different magnesium octahedra. Stable (equilibrium) and metastable (non-equilibrium) crystallization has been found to occur at 50 °C (Fig. 1 ) and 75 °C (Fig. 2) , respectively. High crystallization kinetics of the higher hydrates of MgSO 4 has been found and their crystallization was impossible to be prevented in the crystallization field of the lower crystal hydrates of MgSO 4 , even though all requirements for achieving the thermodynamic equilibrium were fulfilled [2] . Following the Ostwald step rule [12] In order to explain the occurrence of these metastable phases we have to take in account that with increasing the temperature the equilibrium according eq. (1) (Fig. 3) . In order to explain these differences we have studied the crystallization rates of some salts [3] , parallel with the microstructure of the solutions in this system by Raman spectroscopy [4] . These studies revealed that NaCl (Fig. 4) and MgSO 4 ·7H 2 O (Fig. 4) displayed the highest crystallization rates. Na 2 SO 4 ·MgSO 4 ·4H 2 O (Fig. 4) and Na 2 SO 4 displayed significantly lower crystallization rates, moreover requiring external impact (stirring or abrupt cooling). More specifically, MgSO 4 ·7H 2 O predominantly crystallized instead of Na 2 SO 4 ·MgSO 4 ·4H 2 O in the regions where Na 2 SO 4 ·MgSO 4 ·4H 2 O is the thermodynamically stable phase. The Raman spectra (Fig. 5) confirmed the relation between the ion associations existing in the solution and the crystallization rates of the salts. A straight correlation between the concentration of magnesium-sulfate associations and water activity was established, i.e., upon increasing the concentration of Mg 2+ ions, the number of ion association species increased as a result of the decrease in water activity (Table 1) .
Some applications
The idea to interpret the nucleation kinetics and the rate of crystallization of highly soluble salts by means of complexes in the solution, analogous to those existing in the crystal structure of the crystallizing salt, was applied to explain the differences in the crystallization sequence of salts from marine solutions [1] according to the equilibrium solubility diagrams [16] and in the case of solar evaporation of marine waters [17] . As regards the Ostwald step rule, in the cases of crystallization from solutions, a crystallochemical interpretation (Fig. 3) .
could be advanced for every single case. Some related phenomena such as, e.g., the ability for formation of supersaturated solutions and the widths of their metastable zones can be explained as well, since they are directly dependent from the solutions structure. From the classification of the widths of the metastable zones for inorganic salts, given by Matusevich [19] , it can be seen that widest metastable zones, or highest ability to form supersaturated solutions, possess the salts with large values of the product of their ionic charges, i.e., salts with a high trend to generate ionic associations in their solutions. 
Conclusions
Our previous theoretical considerations on the crystallization/solubility of ionic salts, as well as experimental studies on the nucleation kinetics and the rate of crystallization of highly soluble salts from sea-type solutions are generalized. From this point of view a crystallochemical nucleation mechanism for explaining the Ostwald step rule is advanced. Concerning the rate of crystallization the results of the Raman spectroscopic studies gave a direct evidence of the relationship between the rate of crystallization and the availability of corresponding ion species in the solutions. More specifically, a higher crystallization rate is displayed by those salts, whose solutions contain complexes of composition and structure closest to those of the crystallizing substance, so that those complexes could be incorporated directly or with minimum changes into the respective crystals.
